Serotonin uptake, mediated by the serotonin transporter (SERT), is blocked acutely by antidepressants such as the selective serotonin reuptake inhibitors (SSRIs), but such blockade does not correlate temporally with the onset of therapeutic improvement. Treatment with SSRIs for 21 d induced downregulation of the SERT (Benmansour et al., 1999) . The time course of SERT downregulation as well as the time course for its recovery after cessation of treatment with the SSRI sertraline were investigated using tritiated cyanoimipramine to measure SERT binding sites. To determine if there was a temporal correlation between the time when sertraline induced downregulation of the SERT and when marked alteration in SERT function occurred, clearance of locally applied 5-HT into the CA3 region of hippocampus was achieved using in vivo electrochemistry. After 4 or 10 d treatment with sertraline, SERT binding sites decreased very little (15-30%), and the chronoamperometric signals for serotonin in sertraline-treated rats were comparable with ones obtained in control animals. By contrast, after 15 d of treatment, when SERT binding sites were markedly reduced by 80%, there was robust decrease in the clearance of 5-HT. Moreover, the functional consequences of SERT downregulation as measured by chronoamperometry were significantly greater than those seen after acute blockade of the SERT by SSRIs. SERT binding sites decreases are not a consequence of reduced SERT gene expression, as revealed by in situ hybridization measurements. SSRI-induced downregulation of the SERT may be a key component for the clinical response to SSRIs.
Serotonin uptake, mediated by the serotonin transporter (SERT), is blocked acutely by antidepressants such as the selective serotonin reuptake inhibitors (SSRIs), but such blockade does not correlate temporally with the onset of therapeutic improvement. Treatment with SSRIs for 21 d induced downregulation of the SERT (Benmansour et al., 1999) . The time course of SERT downregulation as well as the time course for its recovery after cessation of treatment with the SSRI sertraline were investigated using tritiated cyanoimipramine to measure SERT binding sites. To determine if there was a temporal correlation between the time when sertraline induced downregulation of the SERT and when marked alteration in SERT function occurred, clearance of locally applied 5-HT into the CA3 region of hippocampus was achieved using in vivo electrochemistry. After 4 or 10 d treatment with sertraline, SERT binding sites decreased very little (15-30%), and the chronoamperometric signals for serotonin in sertraline-treated rats were comparable with ones obtained in control animals. By contrast, after 15 d of treatment, when SERT binding sites were markedly reduced by 80%, there was robust decrease in the clearance of 5-HT. Moreover, the functional consequences of SERT downregulation as measured by chronoamperometry were significantly greater than those seen after acute blockade of the SERT by SSRIs. SERT binding sites decreases are not a consequence of reduced SERT gene expression, as revealed by in situ hybridization measurements. SSRI-induced downregulation of the SERT may be a key component for the clinical response to SSRIs.
Key words: serotonin transporter; antidepressant; sertraline; chronoamperometry; downregulation; mRNA It is widely believed that the onset of beneficial drug effect in depression is delayed for 2-3 weeks (Gelenberg and Chesen, 2000) , although some behavioral dimensions of the illness may respond more quickly (Katz et al., 1996 (Katz et al., , 1997 . Early research on antidepressants (ADs) focused on their acute effects on noradrenergic and/or serotonergic systems. The idea that there is a delay in therapeutic effect led to studies of their longer-term pharmacologic effects, with much of this work focused on receptor regulation (Mongeau et al., 1997; Piñeyro and Blier, 1999) . More recently, this work has been extended to studies of protein kinases, transcription factors, and gene regulation (Duman et al.,1997 (Duman et al., , 1999 Popoli et al., 2000) . What seems clear is that the acute pharmacologic enhancement of serotonergic and/or noradrenergic transmission is what initiates the cascade of events that eventually produces clinical improvement (Delgado et al., 1999) , although acute enhancement seems insufficient. Initially, enhanced transmission was thought to occur acutely as a direct consequence of AD-induced blockade of either the serotonin transporter (SERT) and/or the norepinephrine transporter. However, a variety of rapid compensatory mechanisms also occur that diminish the ability of transporter blockade alone to significantly enhance synaptic transmission. Subsequent to such rapid compensatory changes, regulatory responses then occur, primarily thought to involve receptor desensitization, that permit synaptic transmission to be enhanced . The time required for such secondary compensatory effects to occur and to enhance synaptic transmission has been speculated to account for the delay in therapeutic benefit .
It is now recognized, however, that biogenic amine transporters are the key cellular elements regulating the concentration of these transmitters in the extracellular fluid (Giros et al., 1996) and, furthermore, that these transporters can be regulated in vitro. It has been shown that activation of protein kinase C (PKC) induces SERT phosphorylation and sequestration and that this is associated with a decrease in the SERT activity. This effect was shown to be modulated in vitro by 5-HT and selective serotonin reuptake inhibitors (SSRIs) (Ramamoorthy and Blakely, 1999) . Also recently it has been shown that SERT forms a complex with the catalytic subunit of protein phosphatase 2A. These heteromeric assemblies are subject to regulation by PKC activation or protein phosphatase inhibition, which leads to phosphorylation and downregulation of the SERT (Bauman et al., 2000) .
We found recently (Benmansour et al., 1999) that 21 d of treatment of rats with SSRIs, at clinically relevant and stable serum concentrations (achieved by the use of osmotic minipumps), caused robust downregulation of the SERT. In this study, the time course for such downregulation and its recovery is measured as well as potential mechanisms producing these effects. Importantly, the consequences of SERT downregulation on the functioning of the SERT in vivo was measured directly using chronoamperometry. The use of this technique revealed for the first time that such downregulation produces a much more marked inhibition of 5-hydroxytryptamine (5-HT; serotonin) clearance in vivo than that seen after acute blockade of the SERT with SSRIs.
MATERIALS AND METHODS
Animals. Male Sprague Dawley rats (Harlan, Indianapolis, I N) weighing 175-200 gm at the time of initiation of drug treatment were housed individually on a 12 hr light /dark cycle with lights on at 7:00 A.M. and with food and water provided ad libitum. All animal procedures were in strict accordance with the National Institutes of Health Guide for the C are and Use of Laboratory Animals. All efforts were made to minimize both the number of animals used and stress or discomfort to the animal during the experimental procedure.
Chronic drug treatments. Schedule of treatment for onset effects: rats were treated with sertraline (Pfizer, Groton, C T), 7.5 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 for 4, 10, 15, or 21 d, subcutaneously by means of osmotic minipumps (2ML4; Alza, Palo Alto, CA) to produce stable serum concentrations, and experiments were performed after 2 d of drug washout to reduce serum concentration to Ͻ2 ng /ml (Benmansour et al., 1999) . Control groups received vehicle (50% ethanol:water).
Schedule of treatment for the time course of recovery: rats were treated with sertraline for 21 d followed by either 2, 6, 8, 10, or 16 d of washout.
Autoradiographic procedures. After completing the treatment regimen and, for some rats, in vivo chronoamperometry recordings, rats were decapitated, and their brains were frozen quickly on dry ice and stored at Ϫ80°C until sectioning. Serotonin uptake sites were measured using [ 3 H]-cyanoimipramine (C N-IM I) as a ligand (Kovachich et al., 1988; Benmansour et al., 1999) . Brain sections (20 m) were incubated with 1 nM [ 3 H]-C N-IM I (80 -85 C i /mmol; American Radiolabeled Chemicals, St. L ouis, MO) in a buffer consisting of 50 mM Tris, pH 7.4, and 120 mM NaCl at 4°C for 24 hr. Nonspecific binding was defined using 5 M sertraline and was ϳ5% of total binding. Dried slide-mounted sections were placed into spring-loaded cassettes and apposed to tritium-sensitive film ([ 3 H] Ultrofilm; Amersham Pharmacia Biotech, CEA AB, Sweden) at room temperature for 12-14 d. Autoradiograms were analyzed using N IH Image (National Institutes of Health (N IH), Bethesda, MD) and using the Scion software package. Quantitation was achieved using plastic-embedded tritium standards (American Radiolabeled Chemical) calibrated using brain mash sections. Measurements were taken at the level of plate 33 of the atlas of Paxinos and Watson (1986) . The concentration of [ 3 H]-C N-IM I used is approximately eight time its K D value (Kovachich et al., 1988) , so the values obtained approximate B max values.
In vivo chronoamperometr y. This procedure was performed as described previously (Daws et al., 1998; Benmansour et al., 1999) . C arbon fiber electrodes (30 m tip diameter; 95-175 m length in the active region) were coated with Nafion (a perfluorinated ion exchange resin), tested for sensitivity to 5-hydroxyindole acetic acid (250 M; Sigma, St. L ouis, MO), and calibrated in vitro to 5-HT. After completing the appropriate treatment and washout time, rats were anesthetized with chloralose (70 mg / kg)/urethane (700 mg / kg) and the electrode, attached to a multibarrel pipette, was positioned in the CA3 region of the dorsal hippocampus. The internal diameter of each micropipette tip was 8 -12 m, and the distance between electrode and pipette tips was 275-325 m. Multibarrel micropipettes were filled with either 5-HT (200 M; Sigma), or fluvoxamine (400 M; Pharmacia-Upjohn, Kalamazoo, M I). The pH of all solutions was 7.4. 5-HT was delivered by pressure ejection in a volume of 26, 52, or 78 nl. High-speed chronoamperometric recordings were made using the Fast-12 system (C enset, Lexington, K Y). Oxidation potentials consisted of 100 msec pulses of ϩ0.55 V versus Ag-AgC l that were delivered one per second; the electrode was held at a resting potential of 0.0 V between measurement. The reference electrode was positioned in the superficial cortex. Oxidation and reduction currents were digitally integrated during the last 80 msec of each 100 msec voltage pulse.
Several parameters are obtained from the electrochemical signal produced by exogenous applications of 5.2, 10.4, or 15.6 pmol of 5-HT. Parameters analyzed were signal amplitude; T80, the time it takes for the peak amplitude to be reduced by 80%; and the total time course (tcourse), the total time for the signal to return to baseline from the time of application of 5-HT.
In situ hybridization. Animals treated chronically with sertraline (7.5 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) or vehicle (used for the in vivo chronoamperometry experiments) were killed by rapid decapitation. Brains were frozen in isopentane on dry ice and stored at Ϫ70°C. Alternate series of 20 m sections were cut through the dorsal raphe, thaw mounted onto silanecoated glass microscope slides, fixed for 15 min in 4% paraformaldehyde, dehydrated, and stored at Ϫ70°C.
Methods for in situ hybridization were as described previously (Domyancic and Morilak, 1997; Benmansour et al., 1999) . The 660 nucleotide SERT riboprobe (obtained from Dr. Stanley Watson University of Michigan) was transcribed with the addition of ␣-35 S-UTP (New England Nuclear, Boston, M A), to a specific activity of 2 ϫ 10 9 cpm /g. Brain sections were hydrated, acetylated, and rinsed in 2ϫ SSC (1ϫ SSC is 150 mM sodium chloride, 15 mM sodium citrate, pH 7.2), then dehydrated, delipidated, and air-dried. Sections were incubated in hybridization buffer containing 4 ϫ 10 7 cpm /ml radiolabeled riboprobe (ϳ20 ng /ml), overnight in a sealed humidified chamber at 60°C.
All posthybridization solutions contained 1 mM dithiothreitol. After rinsing in four washes of 2ϫ SSC and digesting with RNase A (20 g /ml, 30 min at 37°C), sections were taken through a series of increasingly stringent washes: 10 min each in 1ϫ, 0.5ϫ, and 0.2ϫ SSC at 24°C, followed by 3 ϫ 1 hr in 0.1ϫ SSC at 60°C. They were then rinsed, dehydrated, and apposed, along with 14C-radioactive standards, to Kodak Biomax MR x-ray film for 24 hr before developing. Integrated signal density overlying the dorsal raphe, calibrated from the standards on each film, and expressed in standard units of nanocuries per milligram, was measured in three to six sections per brain corresponding approximately to plate 49 in the atlas of Paxinos and Watson (1986) , using the NIH Image software package (version 1.55; Wayne Rasband, NIH).
Serum levels of sertraline. Serum was collected after 10 or 15 d treatment with sertraline to measure steady-state levels. Serum concentrations of sertraline were determined by HPLC as described previously (Benmansour et al., 1999) .
Statistical anal ysis. Data were analyzed by t test or by one-way ANOVA followed by Newman -Keuls post hoc multiple comparisons, with significance determined at p Ͻ 0.05 or by Mann -Whitney U Test for percentage comparison.
RESULTS

Downregulation of the SERT
Chronic treatment with sertraline induced a time-dependent downregulation of SERT binding sites. Figure 1 shows data obtained from the CA3 region of hippocampus, parietal cortex, and basolateral amygdala nucleus; similar data were observed throughout the rest of brain. Sertraline caused only a modest reduction in SERT binding site density during the first 10 d of treatment (not more than a 25% decrease in [
3 H]-CN-IMI binding). This reduction became statistically significant at 10 d of treatment. After 15 d, a marked loss (Ͼ70%) of SERT binding sites occurred, and this persisted with further treatment up to 21 d. Shown also in Figure 1 is the recovery of binding sites for the SERT after cessation of sertraline treatment. Recovery was slow, taking at least 10 d after cessation of treatment to approach values obtained in vehicle-treated rats (Fig. 1) .
Clearance of 5-HT
Given that the time course for marked loss of SERT binding sites (10 -15 d) corresponds to the time when drug-induced behavioral improvement becomes evident in patients, it may be that the loss of SERT binding sites is important for achieving long-lasting and marked enhancement of serotonergic transmission with subsequent behavioral improvement. Consequently, the functional consequences of SSRI-induced loss of SERT binding sites was studied in detail. Measurement of SERT function was performed by in vivo chronoamperometry in rats treated with vehicle or sertraline for 4, 10, or 15 d. The primary measure in this study was the clearance of 5-HT after pressure-ejection of exogenous 5-HT (5.2, 10.4, 15.6 pmol) into the CA3 region of the hippocampus of vehicle-or sertraline-treated rats. The CA3 region was selected for the study because previous work has shown that the active clearance of 5-HT from the extracellular fluid of this brain area is caused primarily by activity of the SERT (Daws et al., 1998) . Shown in Figure 2 is the chronoamperometric signal caused by 5-HT in a control rat or in a rat treated with sertraline for 15 d, when robust downregulation of the SERT has occurred. After 15 d of sertraline treatment and the 2 d washout period, the 5-HT signal was augmented markedly for each amount of serotonin applied into the CA3 region (Fig. 2) . In the sertraline-treated rat, each amount of 5-HT produced much larger peak signal amplitude and a slower decline of the chronoamperometric signal than that measured in the control rat.
In contrast, these effects were not seen in rats treated for 4 or 10 d with sertraline. Analysis of three representative serotonin signal parameters (amplitude, T80, and time course) showed no statistically significant increases either in the peak amplitudes of the signals produced by 5-HT or in the time course of clearance of 5-HT in rats treated with sertraline for 4 or 10 d (Fig. 3) . However, marked, significant increases in all these parameters were measured in rats treated with sertraline for 15 d. The greater effect on 5-HT clearance in rats treated with sertraline for 15 d as compared with those treated for 10 d is not caused by differences in the serum concentration of sertraline obtained in these animals. In the 10 d-treated rats, the serum concentration of sertraline was 37.6 Ϯ 5.5 ng/ml (n ϭ 6), whereas it was 26 Ϯ 3.4 ng/ml (n ϭ 6) in those treated for 15 d ( p Ͼ 0.05).
The effect that sertraline-induced downregulation of the SERT has on the chronoamperometric signal caused by 5-HT was compared with that caused by acute SSRI-induced pharmacologic blockade of the SERT. To do this, rats treated with vehicle at the same time others rats were treated for 15 d with sertraline, were given local application of both 5-HT and fluvoxamine into the CA3 region of the hippocampus. As shown previously (Benmansour et al., 1999; Daws et al., 2000) , local administration of an SSRI such as fluvoxamine into the CA3 region caused a modest, statistically significant effect on the clearance of 5-HT, as reflected by the increase in the T80 value, but had no significant effect on peak amplitude (Table 1) . Similarly, acute systemic administration of the SSRI paroxetine (10 mg/kg, i.p.) caused an increase in the 5-HT clearance parameter, T80, comparable with that seen with local application of fluvoxamine directly into the CA3 region, while having no significant effect on signal amplitude (Table 1) . However, chronic treatment of rats with sertraline caused a significantly greater effect on the T80 value than that seen with either local or acute systemic administration of an SSRI, and furthermore, such chronic treatment caused a significant increase in signal amplitude as well (Table 1) .
mRNA for the SERT
Previously, we have shown that 21 d of treatment with the SSRI paroxetine had no effect on SERT gene expression (Benmansour et al., 1999) . To determine if changes occurred at earlier stages during treatment, mRNA for the SERT was measured in the dorsal raphe nucleus (DRN) by in situ hybridization in the same rats used for the [ 3 H]-CN-IMI binding experiments. Message levels for the SERT increased slowly, reaching a statistically significant increase, by a maximum of 29% after 10 d of treatment, then decreased back to baseline after 21 d of treatment (Fig. 4) . Message levels again rose significantly 6 d after 21 d of treatment was terminated, and then returned back to control levels rapidly (Fig. 4) . Shown also for comparative purposes in Figure 4 are SERT binding sites in the DRN. Transient increases in mRNA early in the course of treatment may have opposed the SSRI-induced downregulation of SERT binding sites. Only when message levels had declined after the initial increase did SERT binding sites show a marked reduction. However, the short-lived increase in message after the cessation of treatment is accompanied by a more sustained increase in binding sites.
DISCUSSION
These results demonstrate that sertraline-induced decreases in SERT binding site density are not caused by decreased SERT gene expression, but recovery of binding sites after cessation of treatment may be attributable to increased synthesis of the SERT after an increase in gene expression. The time course of recovery of binding sites is consistent with the turnover rate of the SERT (Vicentic et al., 1999) . Most importantly, these data show that the time-dependent loss of SERT binding sites has a much greater effect on the 5-HT electrochemical signal than that seen after acute blockade of the transporter with SSRIs, either given locally or systemically.
Although a small increase of serotonin peak signal amplitude (ϳ30%) after local application of fluvoxamine has been observed earlier in our laboratory (Daws et al., 1998) , this small effect on amplitude is no longer observed consistently as we have refined the technique (Benmansour et al., 1999; Daws et al., 2000) and was not observed in the present study. This lack of effect of fluvoxamine on serotonin signal amplitude is not caused by the use of low dose of fluvoxamine (Daws et al., 1998 (Daws et al., , 2000 . Furthermore, differences in 5-HT clearance observed in rats treated for 10 versus 15 d with sertraline is not caused by these rats achieving different serum concentrations of this SSRI and therefore, is unlikely to be caused by differences in occupancy of the SERT at this times. In vivo chronoamperomeric measurements were performed, as described in Materials and Methods, in rats treated with sertraline by osmotic minipump (7.5 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , s.c.) for 15 d followed by a 2 d washout. Once reproducible electrochemical signals from 5-HT were obtained, the response to three different amounts of 5-HT (5.2, 10.4, 15.6 pmol) was tested in each drug-treated or control rat. For clarity, only oxidation current curves are shown. Each amount of serotonin produced a greater response in the sertraline-treated rat than in the control one. Figure 3 . Effect of increasing the amount of 5-HT on the serotonin signal of control and sertraline-treated rats. Rats were treated with vehicle or sertraline for 4, 10, or 15 d followed by 2 d of washout, as described in Materials and Methods. Several parameters are obtained from the electrochemical signal in response to local application of equal amounts of 5-HT (5.2, 10.4, or 15.6 pmol) into the CA3 region of the hippocampus of these rats. Parameters analyzed here were signal amplitude, T80, the time it takes for the peak amplitude to be reduced by 80%; total time course (t-course), the total time for the signal to return to baseline from the time of application of 5-HT. Each point represents the means Ϯ SEM of an n of five to eight rats. *p Ͻ 0.05 comparison of each time point in the treatment groups with the corresponding time in the control group; ANOVA, followed by Newman-Keuls post hoc comparison.
Consistent with the inability of acute local application of an SSRI to raise the peak amplitude of the 5-HT electrochemical signal (Benmansour et al., 1999; Daws et al., 2000) , there was also little to no change in maximal amplitude of the 5-HT electrochemical signal evoked in a brain slice preparation by either a single electrochemical pulse or a train of pulses . Thus, the inability of acute blockade of the SERT to increase peak signal amplitude is seen both with exogenously administered 5-HT and with the evoked release of endogenous 5-HT.
The loss of SERT binding sites has a much greater effect on the 5-HT electrochemical signal than that seen with acute blockade. Peak signal amplitude was markedly increased (approximately twofold), and clearance of 5-HT was delayed even more after SERT downregulation than that seen with acute blockade (Table  1) . These effects are similar to those seen after lesions of serotonin neurons with the neurotoxin 5,7-dihydroxytryptamine (Daws et al., 1998) . It seems likely that this marked effect on 5-HT clearance is caused by the "absence" of SERT.
The parameters used to analyze quantitatively the serotonin electrochemical signal (e.g., T80 values, total time course) were selected because they clearly and reproducibly detect effects of uptake inhibitors and are also known to reflect primarily the uptake process rather than metabolism or diffusion (Cass et al., 1993) . However, the detection of neurotransmitter injected into brain by a sensor located some distance from the site of injection is a complex phenomenon. Factors that influence the shape of the signals detected include not only uptake of the transmitter but also its diffusion in obstructed extracellular space (Nicholson and Phillips, 1981) , as well, perhaps, as metabolism. In addition, experimental factors such as administration of material by, for example, microiontophoresis versus pressure ejection (Gerhardt and Palmer, 1987) , the internal diameter of the ejection pipette, and the distance between the ejection site and the detector (Nicholson, 1995) can strongly influence the results obtained. Finally, with respect to the uptake process itself, which is characterized with Michaelis-Menten kinetics, the V max or K m of the transporter in the detection areas can also influence the data obtained (Wightman and Zimmerman, 1990; Nicholson, 1995) . Perhaps the best attempt to model such data is the elegant paper of Nicholson (1995) , who derived numerical solutions to this three-dimensional diffusion problem with nonlinear uptake using the integral equation approach of Tosaka and Miyake (1982) . Of the theoretical curves generated for dopamine using this approach, none are exactly like the electrochemical signals measured in vivo for serotonin (Fig. 2 ), but this may be attributable to their analysis being based on microiontophoretic application versus the pressure-ejection technique used in this study. Nevertheless, comparison of our signals with the theoretical curves obtained by Nicholson (1995) shows quite clearly that we are working at a distance between the micropipette ejection tip and the carbon fiber electrode where uptake does contribute to the clearance and where measurable signals are detected. Under our experimental conditions of pressure-ejection of 5-HT, uptake is strongly related to the magnitude of V max . Consequently, reduction of V max to 0, i.e., the "no uptake" condition in Nicholson's model (which could approximate in our case situations of SERT loss after either chronic SSRI treatment or 5,7-DHT lesions), increases signal amplitude and slows clearance very substantially, much more so than increases in K m as a result of local application of a competitive inhibitor. Our results then, are in good agreement with Nicholson's model. Our data are consistent with that obtained using in vivo microdialysis in which chronic treatment of rats with SSRIs caused much greater increases in extracellular 5-HT than seen with single acute systemic administration of an SSRI (Bel and Artigas, 1993; Rutter et al., 1994; Kreiss and Lucki, 1995; Tanda et al., 1996; Hervás et al., 2001) . The interpretation of these microdialysis results has, to date, focused on the hypothesis that chronic SSRI treatment produces desensitization of somatodendritic 5-HT1A autoreceptors that normally mediate feed-back inhibition of 5-HT release (Rutter et al., 1994; Invernizzi et al., 1994; Kreiss and Lucki, 1995) . Thus, somatodendritic autoreceptor desensitization has been speculated to play a key role in the ability of SSRIs to enhance serotonergic transmission over time to initiate behavioral improvement. The data in this report, though, describe for the first time an alternative or, at least, an additional mechanism for the elevated levels of extracellular 5-HT seen with chronic drug administration, i.e., SERT downregulation facilitating the entry of 5-HT into the extracellular fluid to a greater extent than can be achieved by acute uptake inhibition.
Studies of the effect of chronic antidepressants on the SERT have resulted in inconsistent reports (Owens and Nemeroff, 1998) . Among the factors that may contribute to such inconsistency is the route of drug administration. In most studies of chronic administration of ADs to rats, the drugs are given either intraperitoneally or subcutaneously, either once or twice daily. As rats metabolize these drugs more rapidly than humans, such dosage schedules can result in appreciable fluctuations in the serum concentration of drug throughout the day. For certain pharmacologic effects, sustained drug action may be needed. A good example of this is a recent study (Cremers et al., 2000) of citalopram, which has a half-life in the rat of 3-5 hr (Fredricson Overo, 1982; Melzacka et al., 1984) . It was shown that chronic treatment with citalopram induced a marked subsensitivity of somatodendritic 5-HT1A receptors only when given by osmotic minipump as opposed to daily injection. It seems likely also that sustained high occupancy of the SERT by SSRIs is needed to demonstrate regulatory effects (Piñeyro et al., 1994; Blier and Bouchard, 1994; El Mansari et al., 1995; Benmansour et al., 1999) . Importantly, because the half-lives of many SSRIs in humans are Ͼ20 hr (Hiemke and Hartter, 2000) , it is likely that these drugs are producing sustained pharmacologic effects throughout the day in patients.
To the extent that effects measured using chronoamperometry and exogenous administration of transmitter reflect changes in synaptic serotonergic transmission, it would seem that SSRIs cause only a modest increase of transmission early in treatment. Only after sustained treatment, when these drugs induce a loss of SERT binding sites, would there be a marked enhancement of transmission. Importantly, the time required for this to occur approximates the time required for clinical improvement in behavior to become manifest (Quitkin et al., 1987) . Thus, the loss of SERT binding sites may be an important mechanism to further increase the initial modest elevation in serotonergic transmission that occurs after acute pharmacologic blockade of the transporter. Such mechanisms could involve phosphorylation and sequestration of transporter, as shown in vitro (Ramamoorthy and Blakely, 1999; Bauman et al., 2000) , but this has yet to be demonstrated in vivo. Understanding the mechanisms leading to SERT downregulation may permit the development of drugs that can induce this effect more rapidly, allowing perhaps a more rapid course of clinical improvement.
